Additional index words. snap bean, summer squash, muskmelon, sweetpotato, turnip, mustard, pan evaporation, water balance models, soil water tension Summary. Instrumented rainfall-and groundwater-protected irrigation shelters were used to establish relationships (daily crop factors) between pan evaporation and daily water use for several vegetables. Use of these daily crop factors (water use/pan evaporation) and pan evaporation data for scheduling irrigations are described. Snap bean (Phaseolus vulgaris L.) is used to illustrate irrigation scheduling by this method. A table of the model output with columnar headings of age, root depth, date, pan evaporation, crop factor, daily water use, cumulative water use, allowable water use, rainfall, and irrigation is presented. When irrigation was applied according to the model, soil water tension was held below 25 db at 6-inch (15-cm) soil depth. With varying irrigation rates under a line-source irrigation system, marketable pod yields were maximized at 100% of the model rate. Marketable yields of summer squash also were maximized when irrigation was applied at 100% of the model rate. Marketable yields of sweetpotato were not affected by irrigation rates ranging from 1% to 177% of the model rate.
. Estimation of evapotranspiration (ET) by climate-based methods often is used in irrigation scheduling models, but calibration for specific crops and local conditions often has been required. Climate-based methods of estimating ET incorporate measurements of air temperature, air movement, solar radiation, and relative humidity. Pan evaporation (E p ) combines these climatic conditions and has been used to estimate ET (Jensen and Middleton, 1970) . A single adjustment of E p data for estimation of ET was used, but the single-crop factor value often caused excessive water applications during the early stages of crop growth when water use by the crop was low.
Model development. The irrigation scheduling model uses the water balance technique described by Stegman et al. (1980) . The water balance technique simply states that irrigation is applied when the sum of the daily soil water depletions is equal to the allowable soil water depletion. The irrigation scheduling model for snap beans (Smittle et al., 1990 ) is used to illustrate the development of a simple irrigation scheduling model.
The allowable soil water depletion is determined by the volume of the rhizosphere (root zone) and the fraction of the available water to be removed from it before irrigating. Root growth began 6 days after planting snap bean seeds 1 inch deep, then the root depth increased one-half inch per day until a maximum root depth was attained. Maximum root depth for snap bean is ≈ 16 inches in the Coastal Plain of the southeastern United States (Bruce et al., 1980) , but may exceed 36 to 48 inches in areas where physical or chemical conditions of the soil do not inhibit root growth (Mack and Varseveld, 1982) . Soil compaction and tillage methods may alter dramatically the maximum root depth. Although our data generally show that yields and water-use efficiency were maximized when snap beans were irrigated at 25 cb (Stansell and Smittle, 1980) , we allowed a depletion of 50% of the available soil water (ASW) due to substantial water use at soil water contents above field capacity (Hansen et al., 1980) . The allowable soil water depletion (inches) is calculated as: 0.5 (a -4) × 0.5ASW HortTechnology ž Jan./Mar. 1992 2 ( 1) where a is the number of days after planting.
The sum of the daily water depletions requires the addition of the daily ET, calculated as E p times the daily crop factor value, and the subtraction of the rainfall since the last irrigation, or rainfall in excess of the allowable soil water depletion. Daily crop factor values for snap beans irrigated at soil water tensions of 25 cb (Stansell and Smittle, 1980) are calculated as:
Daily ET = E p (0.31 + 0.01a).
The irrigation scheduling model for snap beans is represented by the equation:
where crop age (a) is days after planting; effective root depth is 0.5 (a -4) with a maximum of 16 inches; usable water (inch 3 per inch 3 of soil) is 0.5 ASW, soil water deficit on the previous day is D a-i ; daily depletion is E p times 0.01a + 0.31; rainfall (inches) is P; and irrigation (inches) is I.
Models also have been developed for summer squash, sweetpotato, greens (turnip and mustard), and muskmelon. The irrigation model for summer squash is represented by the equation:
where the maximum root depth is 15 inches. The irrigation model for sweetpotato is represented by the equation:
where the maximum root depth is 12 inches. The irrigation model for greens (turnip and mustard) is represented by the equation:
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where the maximum root depth is 12 inches. The irrigation model for muskmelon is represented by the equation:
where the maximum root depth is 16 inches. Data have been collected to establish daily crop factor values for broccoli, cauliflower, lima bean, onion, pepper, and southern pea.
Model validation. The snap bean irrigation scheduling model was validated under solid-set and center-pivot irrigation systems in 1980 (Smittle and Johnson, 1982) . A line-source irrigation system, as described by Bauder et al. (1975) and Hanks et al. (1976) , was used to verify the snap bean irrigation scheduling model in 1985 and 1986. The line-source irrigation system consisted of a single line of sprinklers spaced 20 feet (6.1 m) apart to provide uniform water application parallel to the irrigation line and continuously decreasing water application with increasing distance from the irrigation line.
The same general cultural practices were used in 1985 and 1986. A rye cover crop was incorporated to a depth of 6 inches ( 15 cm) before moldboard plowing to a depth of 12 inches (30 cm). Fertilizer at (lb/acre) 25N, 21P, 152K (28kg N, 24 kg P, 170 kg K/ha) and phenamiphos at 6.0 lb a.i./ acre (6.7 kg a.i./ha) were incorporated to a depth of 4 inches ( 10 cm) immediately before seeding. 'Greencrop' snap beans were seeded 1.5 inches (3.8 cm) apart in 36-inch(91-cm) rows on 6-foot (183-cm) beds on 10 Apr. 1985 and 25 Mar. 1986 . Metalochlor at 2.9 lb a.i./acre (3.2 kga.i./ha) wasapplied to the soil surface immediately after seeding and was incorporated with 0.5 inch (13 mm) of irrigation. The N sidedress was split, with half applied at expansion of the first trifoliate leaf and the remainder at expansion of the fourth trifoliate leaf. Sidedress rates in 1985 were 50%, 75%, 100%, 125%, and 150% of the recommended total N rate of 100 lb/acre (112 kgžha -1 ) for Georgia. Total N rates in 1986 were 50%, 100%, and 150% of the recommended rate (Granberry et al., 1986) .
Split-plot designs with five N rates and two replications and three N rates and four replications were used in 1985 and 1986, respectively. The N plots were 20 × 48 feet (6.1 x 14.6 m) with seven irrigation depth plots within each N plot. The irrigation depth plots were 20 feet (6.1m) of a bed 6 feet (1.83m) wide. The beds were parallel to the irrigation line, and irrigation amounts decreased as distance from the irriga-tion line increased. The irrigation line was placed on a central guard bed and the third bed from the line received irrigation according to the model. The amounts of water applied to each bed on both sides of the irrigation line were measured at each irrigation. Soil water tensions at 6 inches ( 15 cm), 12 inches (30 cm), and 18 inches (46 cm) in the first, third, fifth, and seventh beds were monitored with cylindrical gypsum block sensors using a Delmhorst Model KS-1 meter.
Plants from 5 feet ( 1.52 m) × 6 feet (1.83 m) areas of each plot were removed, counted, and weighed. Pods were removed and a 2-lb (0.9-kg) sample was graded to remove nonmarketable pods, and marketable pods were weighed.
Data were analyzed by regression analyses using the general linear models procedure of SAS (SAS Institute, 1982) . For a Tifton loamy sand soil having an ASW capacity of 0.1 inch per inch of soil depth, the allowable soil water deficit increased 0.025 inch (0.64 mm) per day until the maximum allowable use of 0.80 inch of water was attained 36 days after seeding. If the model were used for a soil having an ASW of 0.21 inch of water per inch of soil depth, as in Oregon (Mack and Varseveld, 1982) , the allowable water use would be 210% of the values for the Tifton soil. The maximum allowable water use would be < 0.80 inch if tillage systems (Smittle and Threadgill, 1982) or soil compaction (Smittle and Williamson, 1977) reduced the maximum root depth.
Results and discussion
In 1985, the model scheduled six irrigations with a total of 3.94 inches (100 mm) of water ( Table 2 ). The snap beans received a total of 5.83 inches (148 mm) of rainfall on seven dates. In 1986, the snap beans intercepted 1.22 inches (31 mm) ofrainfall, with 0.87 inch (22 mm) occurring 49 days from seeding ( Table 2) . The model called for 11 irrigations totaling 7.72 inches (196 mm) of water ( Table 2 ).
The number of irrigations and the amount of water applied in 1985 and 1986 were less with the model than with the method presently recommended in Georgia. Using Georgia irrigation recommendations of two or three applications of 0.3 to 0.5 inch water/week (Granberry et al., 1986) , 13 to 16 irrigations with a total of 6.5 to 8.0 inches of water would have been applied in 1985 and 15 to 20 irrigations with a total of 7.5 to 9.0 inches of water would have been applied in 1986. The line-source irrigation system provided irrigation amounts ranging from 4% to 180% of the model. In 1986, irrigation at 100% of the model rate maintained the soil water tension at the 6-inch (15-cm) depth below 25 cb unless the cumulative water use exceeded the allowable use (Table 3 ). The cumulative water use at the time of irrigation exceeded the allowable use by 0.11 inch (2.6 mm), 0.13 inch (3.2mm), and 0.21 inch (5.1 mm) on days 39, 47, and 54, respectively. Excessive cumulative uses of 0.13 inch and 0.21 inch on days 47 and 54 resulted in soil water tensions of 46 cb and 133 cb, respectively, when water was applied at the model rate. On day 46, the model showed a cumulative use of 0.71 inch (18 mm) of water. On this date, the soil water tension at the 6-inch depth was 18 cb. With an allowable use of 0.80 inch of water, irrigation could have been applied, but it was not applied until day 47, to check the response to the model. The model called for an irrigation (0.77-inch cumulative use) on day 53. The soil water tension at the 6-inch depth was 34 cb on this day, but high wind required that irrigation be delayed 1 day to assure a uniform water application gradient with the linesource system. This delay resulted in the 133-cb water tension on day 54. These results and soil water tensions < 25 cb when the cumulative water use did not exceed the allowable use indicate that the model was effective in scheduling snap bean irrigations.
When water was applied at 180% of the model rate, soil water tension at the 6-inch soil depth exceeded 25 cb only on day 54. The soil water tension at the 6-inch depth exceeded 25 cb at all irrigations when ≤ 65% of the model rate of water was applied.
In 1985, pod yield was higher, but marketable yield was little affected with water application rates > 100% of the model (Table 4) . Water application rates greater than the model increased lodging of the plants and increased the nonmarketable pods due to decay. Total and marketable pod yields were lower when irrigations were applied at less than the model rate. Water application rates substantially less than the model also increased the percentage of nonmarketable pods.
In 1986, total and marketable pod yields were lower when water application rates were either greater or less than the model rate (Table 4 ). The magnitude of the yield response differences to irrigation rates in 1985 and 1986 was attributed to variations in total water intercepted by the crops. Total water (rainfall plus irrigation) intercepted by the snap beans ranged from 63% to 117% of the model rate in 1985 and from 22% to 166% of the model rate in 1986.
Pod yields were not affected by N fertilization in 1985, but in 1986 total N application of 50, 100, and 150 lb/ acre produced marketable pod yield of 2.1, 2.7, and 2.9 tons/acre, respectively, when averaged across all irrigation rates. Maximum response to all N rates occurred when irrigation was applied at the model rate. Marketable Table 3 . Rainfall and irrigation applied and soil water tensions during growth of 'Greencrop' snap beans in 1986.
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pod yields with the model irrigation rate and N rates of 50, 100, and 150 lb N/acre were 3.1, 4.3, and 4.6 tons/ acre, respectively. Both maximum yield and the magnitude of the N response were lower when the irrigation rate was greater or less than the model rate.
The irrigation model for summer squash was tested under a line-source irrigation system during Spring 1986 Spring , 1987 Spring , and 1989 . With rainfall representing about one-fourth of the total water applied at the model rate, marketable fruit yields of 'Dixie' summer squash showed both a linear and a quadratic response to the irrigation rates produced by the line-source irrigation system (Table 5 ). Marketable fruit yields were maximized when irrigation was applied at the model rate. Soil water tensions exceeded 25 cb at only one date when irrigation was applied at the model rate. When water was applied at less than the model rate, the soil water tension exceeded 25 cb on about half of the irrigation dates.
The irrigation model for sweetpotato was tested under a line-source irrigation system during 1988 and 1989. With rainfall representing about two-thirds of the total water applied at the model rate, marketable root yields of 'Jewe1' sweetpotato were not affected by irrigation (Table 5) . Soil water tensions in the upper 12 inches of soil did not exceed 25 cb when water was applied at 82% of the model rate. Soil water tension measurements indicated significant water extraction from soil depths of 18 inches by 'Jewel' sweetpotatoes 75 days after transplanting. The lack of a yield response to irrigation was attributed to the recharge of the soil profile by the rela- Table 5 . Effect of irrigation rates on yield of 'Dixie' summer squash and 'Jewel' sweetpotato.
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tively frequent rainfall and to water use from soil profile depths greater than that controlled by irrigation at the model rate.
We have shown that the frequency and depth of irrigation for snap beans can be scheduled effectively with a simple irrigation model. The model maximized marketable pod yield of snap bean in years when rainfall was 1.22 inches (31 mm) and 5.83 inches (148 mm) during production of the snap bean crop and with N fertilization rates ranging from 50% to 150% of the recommended rate. The model for summer squash also effectively scheduled irrigations. Sweetpotato did not show a significant yield response to irrigation. Validation of irrigation models for turnip and mustard greens and for muskmelon are not complete at this time.
Mechanization, Automation, and Computerization for Production 1 Additional index words. environmental control, decision support, plantproduction system, robotics Summary. Availability and capability of labor have become dominating factors affecting agriculture's productivity and sustainability. Agricultural mechanization can substitute for human and animal physical power and improve operational uniformity. Automation complements mechanization by implementing the capabilities of automatic perception, reasoning, communication, and task planning. Fixed automation is traditionally cost-effective for mass production of standard items. In addition, flexible automation responds to make-to-order batch processing. The appropriateness of each automation type depends on the situation at hand. Because of their vast memory and high calculation speed, computers are highly effective for rapid information processing. Incorporating state-ofthe-art hardware and software, computers can generate status reports, provide decision support, gather sensor signals, and/or instruct machines to perform physical work It is no surprise, therefore, that computerization is essential to the evolutionary process, from mechanization through fixed automation to flexible automation. Fundamentals of agricultural mechanization, automation, and computerization applied to greenhouse production are discussed. in a complete, independent society. Traditionally, production agriculture has involved laborious operations under conditions not conducive to human productivity. The advancement of technologies in other industries inevitably increases the threat of attracting labor away from agriculture. To maintain competitiveness, it is necessary to introduce technologies for modernizing agricultural production. Agriculture, in its modern form, should ideally be a well-balanced, energy-efficient system using state-of-the-art technologies resulting in high productivity. It fully uses human intelligence and mechanical power in a sustainable manner, while exerting acceptable impacts on humans and their environment. If agriculture is to prosper, its modernization must be a continuous process. Successful modernization will improve quality of living and working conditions. It also can provide job satisfaction, necessary for agriculture to be considered as a good choice of profession.
One aspect of agricultural modernization is development and application of methods that will increase labor productivity. Through the combined efforts of agricultural scientists and engineers, many agricultural operations in developed regions of the world have been highly mechanized, automated, and/or computerized. These operations have not only generated high outputs per unit of labor input, but also performed tasks beyond the physical capabilities of human labor. In many cases, the development of mechanization, automation, and computerization for agriculture starts with the identification and adaptation of technologies used in other industries. However, the variable characteristics and relatively low unit market prices of agricultural products frequently make direct adoption of existing technologies challenging, if not infeasible. In other words, technological feasibility and economic viability are very stringent criteria in the development of engineering systems for agriculture.
A greenhouse system is a form of production agriculture. This facility for commercial plant production within a controlled environment has recently become highly complex in its operation. Similar to other manufacturing factories, the design and operation of commercial greenhouses or plant fac-
